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Abstract 
This paper presents a comprehensive parametric study on the bond behaviour of reinforced concrete 
members under fire conditions. The study identified some most important factors affecting the bond 
characteristics between concrete and reinforcement within reinforced concrete beams and slabs at 
elevated temperatures. These factors are: steel bar yielding, concrete cover, concrete compressive 
strength and concrete spalling. The results indicated that concrete cover has a great influence on the 
bond strength, by providing the confinement to the reinforcement for both the reinforced concrete 
beam, and the slab. The impact of concrete spalling on the beam is very significant, for both full 
bond and partial bond cases. The behaviour of the reinforced concrete frame under different fire 
scenarios was also investigated – assuming a two hours fire resistance rate. Those results indicated 
that isolated members behave differently, compared to those members within a building. Indicating 
that continuity of the members and its surrounding cooler structures significantly affects the 
behaviour of the members within the fire compartment.  
 











 Study the influences of the bond on the fire behaviour of concrete beam and slab.  
 Identify the main factors affecting the bond strength of concrete members in fire.  





For reinforced concrete structures, research on the fire resistance of structures started since the early 
1970, and mainly focused on the behaviour of isolated members [1-4]. In current design codes, such 
as Eurocode 2 [5], more advanced computer modelling methods are allowed. However, the 
influences of concrete spalling and bond behaviour between concrete and steel reinforcement, 
having so far been ignored – in the majority of the computer software developed. In current design 
practice, the concrete structural design against fire is still based on simplistic methods developed 
from standard fire tests – which arguably do not accurately represent real building behaviour. This 
makes it very difficult, if not impossible, to accurately determine the actual level of safety achieved 
through current design codes, or whether an appropriate level of safety could be attained more 
efficiently by using a performance-based design alternative.  
Concrete is a very common construction material. There is a widely-held perception among 
designers that reinforced concrete structures have good fire resistance, compared with steel 
structures. This is based on the assumption that concrete cross-sections retain their integrity under 
fire conditions. However, evidence has shown that spalling of concrete in accidental fires causes 
severe damage, to the concrete members [6-7].  
Numerous models are currently being developed, to support the study of the behaviour of reinforced 
concrete members at ambient and elevated temperatures [8-12]. The majority of these models are 
based on the assumption of full interaction – between the concrete and reinforcing bars. But further 
research indicates that the assumption of full bond between concrete and rebar at elevated 
temperatures is unconservative [13-16]. The behaviour of the bond, between concrete and steel bars, 
has a considerable influence on the fire resistance of reinforced concrete members [17, 18]. The 
authors have developed numerical models [14, 15] for analysing the bond-slip between the concrete 
and reinforcing steel bars under fire conditions. In this research the validated bond model developed 
in [15], is used to predict bond behaviours of reinforced concrete beam and slab members, at 
elevated temperatures.  
In this paper, we report on a new and comprehensive numerical investigation, of the impacts of the 
bond characteristics on the fire behaviours of reinforced concrete beams and slabs. The main 
objectives of the study were to: 
 Comprehensively and parametrically study the influence of the bond characteristics, on the 
responses of reinforced concrete beam and slab members under fire conditions.  
 Study the factors that affect the bond behaviour. In particular the reinforcing steel bars’ 
yielding, thickness of concrete cover, concrete compressive strength, and concrete spalling.  
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 Study fire behaviours of a 3D reinforced concrete frame, under different fire scenarios, 
leading to observed differences of structural behaviours; between isolated structural 
members and the members within whole structures.   
2.  Modelling background 
A Finite Element program VULCAN [15, 19-21] was used to simulate a reinforced concrete frame 
in fire (as shown in Fig. 1). In VULCAN, a reinforced concrete structure is modelled as an 
assembly of finite plain beam–column and slab elements, reinforcing steel bar elements and bond-
link elements, as shown in Fig. 2.  Each node from these elements is defined in a common reference 
plane. This reference plane is assumed to coincide with the mid-surface of slab elements, with its 
location fixed throughout the analysis [19-21]. Both materials and geometric non-linearities are 
taken into account in the VULCAN model. Sophisticated behaviours of structures under elevated 
temperatures – such as thermal expansion, degradation of stress–strain curves, failure of concrete 
segments due to cracking and crushing, failure of steel reinforcement by yielding or the bar’s 
rupture – are all considered in this model [19-21]. 
The analysis of reinforced concrete members involved two phases: the first phase was to carry out 
the thermal analysis on the beam or slab – using the two-dimensional non-linear finite-element 
computer program developed by Huang et al. [22]. In this program, the thermal properties for 
concrete and steel given in Eurocode 2 [5] are adopted. The second phase of the analysis was a 
structural analysis for the beam or slab members using VULCAN software. The output data from 
the thermal analysis are used as the temperature input data for the structural analysis. 
The cross-sections of beam–column elements are subdivided into a matrix of segments. Each 
segment can have different material properties and temperature profile [19]. The non-linear layered 
procedure has been adopted in VULCAN, for modelling plain concrete slabs. Both material and 
geometric non-linearities are considered in the model [20, 21]. The slab elements are subdivided 
into layers (as shown in Fig. 2), to consider the temperature distribution through the thickness of the 
slab.  
The bond-link element developed by the authors [15] was used to model the bond behaviour 
between concrete and reinforcement under fire conditions, based on a partly cracked thick-wall 
cylinder theory. The smeared cracking approach is adopted, to consider the softening behaviour of 
concrete in tension. The model is able to consider a number of parameters: such as different 
concrete properties and covers; different steel bar diameters and geometries. The bond model 
developed in [15] has been comprehensively validated against tested data at both ambient 
temperature [23-27] and elevated temperatures [2, 28-31]. The details of the validation can be found 
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in [15]. It is evident that model adopted in this paper is able to predict the bond-slip characteristic 
between the concrete and reinforcing steel bar at elevated temperatures. 
Previous studies concluded that the behaviour of bond stress–slip depends on numerous factors such 
as: type of steel bar (ribbed or smooth bar), roughness of rebar (related to rib area), yielding of 
reinforcing steel bars, the concrete strength, position and orientation of the bar during casting, state 
of stress, the boundary conditions, the concrete cover [32-34]. Those factors are also considered in 
the current study.  
Influence of concrete spalling, on the thermal and structural behaviour of reinforced concrete 
members, is also considered in this study. The effect of concrete spalling is represented by using 
void segments within the cross-section of beam and column, and void layers within the cross-
section of slab [13].  It is assumed that the void segments and void layers have zero mechanical 
strength, stiffness and thermal resistance. After spalling the outer parts from the concrete, the inner-
parts will be exposed directly to the fire. In which the fire boundary moves within the cross-section 
of the concrete member. When the spalling reaches the steel reinforcement, the bond strength will 
become zero in this region.  
It is also well known that there are still no robust numerical models available – to accurately predict 
concrete spalling. Therefore, in this research a simplified method was developed based on the 
critical temperature of concrete for predicting concrete spalling and its impact on the global 
behaviour of reinforced concrete structures in fire. Previous research has indicated that concrete 
spalling is very likely to happen before 30 minutes of an ISO834 fire test. The critical spalling 
temperature of concrete ranges from 200ºC to 400ºC [9, 35]. So we assume the critical spalling 
temperature of concrete to be 350ºC. A critical temperature is used as a criterion for the concrete 
spalling, in which the segment or layer will be spalled when the temperature of this segment or 
layer reaches this ‘critical temperature’. The spalling of concrete is assumed not to reach a point 
beyond the reinforcing cage of members [13].  
In this study a generic reinforced concrete building was used. It was assumed that the building 
contains of ten floors with 4.5 m height of each story. Dimensions of each floor are 37.5 m x 37.5 m 
with five 7.5 m x 7.5 m bays in each direction as shown in Fig. 1. The building was subjected to 
ISO 834 standard fire. The building represents a commercial office building and designed based on 
Eurocode 2 [5]. The self-weight is 7.5 kN/m
2
 for concrete density of 24 kN/m
3
. Raised floor 
involves: 0.5 kN/m
2
 for ceiling, 0.5 kN/m
2
 for services and 1.0 kN/m
2
 for partitions with impose 
load of 2.5 kN/m
2
. The total design load on the slab at the fire limit state is 10.75 kN/m
2
. The 
concrete compressive strength is 45 MPa with moisture content of 4% by weight and the yield 
strength of steel bar is 460 MPa. It was assumed that the building required two hours fire resistance 
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with slab cover of 25 mm. The floor slab thickness is 250 mm based on Eurocode 2 [5]. The length 
of the beam is 7.5 m and exposed to fire from three sides as illustrated in Figs 3 and 4.  The cross-
section details of the beams are shown in Fig. 5, which have dimensions of 500 x 350 mm and 
concrete cover of 30 mm.  
3.  Modelling isolated simply supported reinforced concrete beam 
Fig. 3 shows an isolated simply supported reinforced concrete beam heated by ISO 834 standard 
fire [36]. The beam has the same dimensions and loading condition of the beams within the generic 
building (see Fig. 1). Hence, the span of the beam is 7.5 m and the beam has two layers of 
reinforcing steel bars (three bars at the bottom and two bars at the top), as shown in Fig. 5.  
In the modelling, two steps should be followed in order to analyse the beam under fire condition. 
Firstly, the thermal analysis of the beam was conducted to calculate the temperature history within 
the cross-section of the beam.  In this step, the cross-section of the beam was divided into 441 
segments (21 x 21). Same segmentations were used within the cross-section of the beam for the 
structural analysis.    
Spalling of concrete was taken into account in this investigation to study the influence of spalling 
on the thermal and structural behaviours of the beam. For assessing the influence of the bond on the 
behaviour of the beam, the beam with both of full or partial bond conditions between the concrete 
and reinforcement were modelled. 
Previous research indicated that the bond-stress slip relationship of reinforced concrete members is 
affected by numerous factors such as steel bar roughness, thickness of concrete cover, concrete 
strength, position and orientation of steel bar during casting, boundary conditions, state of stress and 
yielding of reinforcing steel bars.  Hence, the factors considered in this study were: yielding of 
reinforcing steel bars, concrete cover, concrete compressive strength and concrete spalling. 
Details of the reinforced concrete beam are given in Figs 3 and 5. The uniform line load acting on 
the beam is 20.16 kN/m, which is the same as the beam within the frame shown in Fig. 1. The 
concrete compressive strength was 45 MPa and the yield stress of the steel bar was 460 MPa. The 
beam was modelled as an assembly of 5 three-node plain concrete beam elements and 25 three-node 
reinforced steel bar elements and 55 two-node bond link elements. Using the bond-link elements the 
beam can be modelled with full, partial or even zero interaction between concrete and reinforcing 
steel bars.   
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3.1 Yielding effect of reinforcing steel bars on the bond behaviour 
The proposed model presented in [15] has been further improved in this paper to take into account 
the yielding effect of steel bar on the bond behaviour. Yielding of the steel bar within the plastic 
range has an effect on the bond strength similar to the effect of splitting of concrete cover. A 
reduction in the steel bar diameter can occur due to steel bar’s yielding. This contraction leads to a 
reduction in the friction between concrete and rebar, and also affects the geometry of the bar ribs, 
which consequently reduces the bond stress [33].   
In order to consider the yielding effect of steel bar on the bond behaviour, the bond stress   should 
be modified by the factor y  as follow [37]: 
 y .modified    (1) 












































b   (5) 
Where: s  is the steel strain;  sy  is the yield strain of steel bar at the yield stress yf ; su is the 
ultimate steel strain, tf  is the steel stress and yf is the yield stress of the steel bar. The yielding 
effect of the steel bar on the bond stress-slip curve is shown in Fig. 6.  
To demonstrate the influence of yielding effect of reinforcing steel bar on the bond behaviour, the 
isolated beam was modelled using the bond models with and without the yielding effect of 
reinforcing steel bar. Concrete compressive strength was 45 MPa, the steel strength was 460 MPa 
and the concrete cover was 30 mm.  
Fig. 7 shows the influence of yielding steel bar on the central deflection of the beam under ISO 834 
fire, together with the central deflection of the beam modelled with full bond interaction. As shown 
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in the figure, the yielding effect of steel bar has some degrees of influence on the bond behaviour, 
but the influence is not significant. However, this demonstrated that the yielding effect of steel bar 
can reduce the bond strength between concrete and the steel bar.  
3.2 The effect of concrete cover on the bond behaviour 
Concrete cover is an important part for reinforced concrete members. Concrete cover provides the 
protection for reinforcing steel bars from the outside attacks such as chloride, which can result in 
corrosion of steel bars. Also, the concrete cover gives isolation for the reinforcement from the high 
temperatures under fire conditions. Moreover, concrete cover provides the confinement for the steel 
bars to generate the bond between concrete and reinforcement.  
Same isolated beam with concrete compressive strength of 45 MPa and steel strength of 460 MPa 
was used in this investigation. In order to investigate the sensitivity of the bond-slip to the concrete 
cover of the beam at elevated temperatures, five values of concrete cover thicknesses (10, 20, 30, 40 
and 50 mm) were adopted in this study. The cross-section of the beam was subdivided into 
segments of concrete and steel, as shown in Fig. 4.  The same segmentation was used for both 
thermal and structural modelling of the beam. Also the beam was heated from three sides (see 
Fig. 4).   
Figs 8 to 10 show the temperatures of the reinforcing steel bars within the cross-section of the beam 
(Bar 1, Bar 2 and Bar 3 as identified in Fig. 5) with different thickness of concrete covers. It is clear 
from the figures that the temperature of the steel bars decreases by increasing the concrete cover of 
the beam. Hence, the concrete cover can provide the protection to the reinforcing steel bars from the 
fire and reduce the effect of temperature on the steel bars and bond strength within the cross-section 
of reinforced concrete beams. It can be seen from the figures that after two hours (120 min) of 
exposing to ISO 834 standard time-temperature, the temperature for Bar-1 with cover 50 mm is less 
than that for cover 10 mm by about 47%, while for Bar-2 the temperature reduced by 49% and for 
Bar-3 the temperature reduced by 56%. 
Influence of concrete cover on the bond behaviour at elevated temperatures is presented based on 
the response of the beam to the high temperatures. Generally, degradation of the bond strength 
results in extra central deflection of the beam due to the bond deterioration. Figs 11 to 15 give 
comparisons between the case of full bond (full interaction between the concrete and reinforcement) 
and partial bond between the concrete and steel bars for each thickness of concrete cover at elevated 
temperatures.  
It can be seen from the figures that the concrete cover has considerable effect on the behaviour of 
the beam with full or partial bond. As shown in Fig. 11, for the case with the concrete cover of 10 
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mm, the behaviour of the two curves was identical until 40 min of fire exposure time. However, 
after that time a clear divergence between the two curves was observed. This different between the 
two curves is attributed to the degradation of the bond, in which the temperatures of Bar 1 and Bar 2 
become more than 400
o
C (see Fig. 8) and 350
o
C (see Fig. 9), respectively. However, for the case 
with concrete cover of 50 mm, the effect of bond becomes insignificant and identical behaviour of 
both curves can be seen due to low temperatures of the steel bars and high interaction between the 
concrete and rebar as shown in Fig. 15.  
It can be concluded from Figs 11 to 15 that, increasing the thickness of concrete cover has a great 
influence on the bond-slip, in which the degradation of the bond strength decreases with increasing 
the thickness of concrete cover. Hence, the concrete cover is the main factor that can provide the 
protection to the steel bars and gives the confinement to the reinforcement for the bond strength. 
Therefore, the designer should carefully choose the proper concrete cover.  
Finally, it is important to explain the type of failure based on the outputs of the VULCAN software. 
The failure of the beam with the concrete cover of 50 mm occurred mainly due to concrete 
cracking. For concrete covers of 40 mm, 30 mm and 20 mm the failure of the beam occurred due to 
concrete cracking, yielding the steel bars as well as the bond failure within some elements. For 
concrete cover of 10 mm the failure of the beam firstly occurred due to concrete cracking, then 
yielding the steel bars followed by rupture of some steel bars, also the failure of the most bond-link 
elements between the reinforcement and concrete.  
The results generated from this study further support the claims of previous researchers that the 
concrete cover has a great influence on the bond strength by providing the confinement to the 
reinforcement. Hence, reduce the concrete cover is not only leads to increase the temperature of the 
reinforcement during fire, but also decreases the concrete confinement which can play a significant 
factor on the bond strength [33].  
Fig. 16 shows the influence of different concrete covers on the behaviour of the beam modelled 
with partial bond. It is evident that the concrete cover has a great influence on the behaviour of the 
beam. By considering the deflection criterion (span/20), the fire resistance for the beam is 77 min, 
120 min, 167 min and 217 min for the concrete covers of 10 mm, 20 mm, 30 mm, 40 mm, 
respectively.  And more than four hours (240 min) fire resistance can be achieved when the 
concrete cover is 50 mm. Hence, increasing the concrete cover from 10 mm to 40 mm can increase 
the fire resistance of the beam for more than two hours. 
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3.3 The effect of concrete spalling on the behaviour of the beam 
Spalling of concrete in fire has a significant effect on steel bars and bond strength, which influences 
the behaviour of reinforced concrete members. When the spalling of concrete occurs, the member 
will lose the concrete cover and the reinforcement will be exposed directly to the fire. Then, a great 
reduction in the strength and stiffness of steel bars can occur. Also, failure of the bond between 
concrete and rebar can happen due to losing the confinement of concrete to steel bar. The results 
from this study indicated that the influence of spalling for full-bonded member is significant, 
especially when the spalling occurs within the mid-span elements. 
In this study the effect of concrete spalling on the bond behaviour was considered by modelling the 
beam using partial bond model. Same isolated beam has been used for this investigation. The beam 
has concrete compressive strength of 45 MPa, the steel bar yielding of 460 MPa and concrete cover 
of 40 mm. As shown in Fig. 3, the beam was modelled as an assembly of five plain concrete beam 
elements, 25 steel bar elements and 55 bond-link elements. In order to consider the effect of 
concrete spalling, void segments were used to represent the spalled concrete for the thermal and 
structural analysis. In this study, both full and partial bond were considered to investigate the effect 
of spalling on the behaviour of the beam. The time-temperature histories of the reinforcing steel 
bars for the cases of concrete spalling and no-spalling are illustrated in Fig. 17. It is clear from the 
figure that the spalling of concrete cover has a great influence on the thermal behaviour of the 
beam. For instant, Bar 1 reached to temperature about 500
o
C after 120 min with no-spalling of 
concrete, but with spalling Bar 1 reached to this temperature after just 24 min. 
Fig. 18 shows the influence of concrete spalling on the behaviour of the beam modelled as full or 
partial bond. It was assumed that all elements were subjected to concrete spalling. It can be seen 
that the impact of concrete spalling on the beam is very significant for both full bond and partial 
bond cases. However, the effect of spalling on the beam modelled with partial bond is greater than 
that modelled with full bond. Figs 19 to 22 give comparisons for the behaviour of the beam 
subjected to different concrete spalling and bond conditions.  
Fig. 19 shows the comparison of the behaviour of the beam modelled as full bond or partial bond in 
which all elements were spalled. It is clear from the figure that a big different can be seen between 
full bond and partial bond cases. It is evident from Figs 20 to 22 that the effect of spalling becomes 
more significant when elements 1&5 were spalled (see Fig. 3 for element’s positions) than the other 
elements. This can be justified as the bond stress at the end elements of the beam is higher than the 
bond stress at the middle elements, hence weaken the bond at the end elements has more influence 
on the response of the beam. It was observed from VULCAN output files that the failure of the 
beam, when elements 1&5 were spalled, occurred due to bond failure and even bar rupture. While 
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for other cases, the failure of the beam was dominated by yielding the steel bars. This effect can be 
clearly observed from the Figs 19 to 22. 
3.4 The effect of concrete strength on the bond 
Concrete compressive strength is one of the factors that effect on the bond strength. The maximum 
bond strength max  is related to concrete compressive strength as:   
 ckfamax  (6) 
where: ckf  is the concrete compressive strength and  a  is a constant based on the bond 
characteristic [32, 37]. Bond stress is resulted from the shear strength of the concrete in the front of 
steel bar ribs and the circumference tensile stress of the concrete surround the rebar. Therefore, 
degradation of the bond at elevated temperatures is directly linked to the concrete deterioration.  
Same isolated beam with concrete cover of 40 mm and steel bar yielding strength of 460 MPa was 
used in this section to study the effect of concrete compressive strength on the bond behaviour. A 
range of concrete compressive strengths (20, 30, 40 and 45 MPa) were adopted in this investigation 
in order to examine the effect of concrete compressive strength on the bond characteristic between 
concrete and reinforcement. From the thermal analysis, the temperatures of the reinforcing steel 
bars are shown in Fig. 23. 
The comparisons of the behaviour of the beam modelled with full bond and partial bond using 
different concrete compressive strength are presented in Figs 24 to 27. As shown from Figs 26 and 
27, the concrete compressive strength has no significant effect on the bond behaviour when the 
compressive strength is more than 40 MPa; and the behaviour of the beam modelled with full or 
partial bond is similar. However, great influence can be observed when concrete compressive 
strength is less than 40 MPa, as shown in Figs 24 and 25. This behaviour can be attributed to the 
considerable degradation of the bond strength.  
Fig. 28 shows the influence of concrete compressive strength on the behaviour of the beam 
modelled with full bond. It can be seen from the figure that there is no significant effect for concrete 
compressive strength on the behaviour of the beam modelled with full bond.  However, as shown in 
Fig. 29, there is a considerable influence of concrete compressive strength on the behaviour of the 
beam modelled with partial bond, especially for lower concrete compressive strength.  
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4.  Modelling isolated simply supported reinforced concrete slab 
Figs 30 and 31 show an isolated simply supported reinforced concrete floor slab heated by ISO 834 
standard fire. The slab has the same dimensions and loading condition of the slab floor within the 
generic building (see Fig. 1). Hence, the dimensions of the slab are 7.5 m x 7.5 m and the load 
condition is 10.75 kN/m
2
. Concrete compressive strength is 45 MPa and yield stress of the 
reinforcing steel bar is 460 MPa. The slab has two orthogonal reinforcing steel bar layers with steel 
area of 646 mm
2
/m for each layer.  
As shown in Fig. 30, the slab was modelled as an assembly of 25 nine-node plain concrete slab 
elements, 50 three-node reinforced steel bar elements (25 elements in each direction) and 85 two-
node bond link elements which connected the plain concrete slab elements to steel bar elements. 
Hence, the influence of the bond between concrete and reinforcing steel bars can be modelled as 
partial or full bond conditions. The cross-section of the slab was subdivided into 14 layers in order 
to perform the thermal and structural analysis.   
4.1 The effect of concrete cover on the behaviour of slab 
As mentioned before, concrete cover is an important part of reinforced concrete members, 
especially under fire conditions. Concrete cover provides a protection to fire exposure, as well as 
gives a confinement to the steel bars for anchorage. For considering the influence of concrete cover 
on the behaviour of the slab under fire condition, five thicknesses of concrete cover (10, 15, 20, 25 
and 30 mm) were adopted in this study. Fig. 32 shows the temperature histories of the reinforcing 
steel bars for different thicknesses of concrete covers under ISO 834. It is evident that the 
temperatures of reinforcing steel bars are significantly affected by concrete covers.  
The structural analyses were carried out for each thickness of concrete cover using both full bond 
and partial bond conditions. Figs 33 to 37 present the comparison of the central deflections of the 
slab modelled as full bond or partial bond using different thicknesses of concrete cover. 
It can be seen from Fig. 37 that no big difference exists between the deflections of the slab 
modelled with full or partial bond, when the concrete cover was 30 mm. However, when the slab 
cover was decreased to 25 mm and 20 mm, a clear different can be observed between the cases of 
full and partial bond, as shown in Figs 36 and 35. This difference becomes greater when the 
concrete covers were 10 mm and 15 mm as illustrated in Figs 33 and 34, respectively. This 
behaviour is mainly due to the increasing of the bond temperature (see Fig. 32). Based on the output 
data from the modelling, the failure of the slab with 10 mm concrete cover and full bond was due to 
rupture of many steel bars. This rupture of the steel bars is attributed to the full bond between 
concrete and reinforcement in which high steel strain was concentrated at some locations within the 
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slab. However, when the slab was modelled with partial bond, just few elements were ruptured. 
This behaviour is attributed to the relative slips between the bars and concrete in which the steel 
strains within the steel bars can be more uniformly distributed along the length of the steel bars.  
Similar behaviour was observed for 15 mm concrete cover with few bars ruptured, which leads to 
more divergence between the full and partial bond cases. In the cases of 20 mm and 25 mm 
concrete covers, the slab failed mainly due to bond failure for partial bond, and also due to yielding 
of steel bars for full bond. For the slab with concrete cover of 30 mm, the failure of the slab with 
full bond was because of yielding of some steel bars while for partial bond just few bond elements 
failed. Fig. 38 shows the influence of different concrete covers on the central deflections of the slab 
modelled as partial bond. 
4.2 The effect of concrete strength on the behaviour of slab 
To investigate the influence of concrete strength on the behaviour of slab, same isolated slab with 
concrete cover of 30 mm and steel bars yielding strength of 460 MPa was used. Four values of 
concrete compressive strength (20, 30, 40 and 45 MPa) were adopted in this study. The temperature 
history of the reinforcing steel bars mesh within the slab is shown in Fig. 39. 
The effect of concrete compressive strength on the response of the slab is shown in Figs 40 to 43. It 
can be seen from the figures that there was no great influence when the compressive strength was 
more than 40 MPa. However, the slab failed earlier when the compressive strength was less than 30 
MPa.  Generally, the effects of concrete compressive strengths on the behaviours of the slab were 
not significant, as shown in Fig. 44. 
5.  Modelling of reinforced concrete frame structure in fire 
After the studies on the behaviour of isolated reinforced concrete members at elevated temperatures, 
it is important to investigate behaviour of these members within a building. The structural members 
within a real building behave different compared to the isolated members. Fire in a building is 
normally localised in a number of areas called fire compartments – each surrounded by cooler 
regions. The surrounding cooler structures can provide a considerable restraint, to the members 
within each fire compartment. Using isolated member subjected to a standard fire curve gives the 
upper and lower limits of its behaviours, but does not give the actual behaviour of the member 
within a whole building.  
Therefore, in this section a 3D reinforced concrete frame with floor slabs was modelled under 
different fire scenarios. It was assumed that concrete compressive strength was 45 MPa and the 
yield strength of the steel bar was 460 MPa. The details of the whole floor were shown in Fig. 1. 
14 
 
The same beam shown in Figs 3 and 5, and the same slab shown in Figs 30 and 31 were used. The 
concrete cover of the beam was 30 mm, while the concrete covers of the slab and column were 25 
mm. Due to very high computational power demanded, the frame was modelled using only full 
bond between concrete and reinforcement.  
As shown in Fig. 45, a quarter of the floor was modelled due to symmetry in this study. For the first 
case, it was assumed that the whole floor of the building was engulfed by ISO 834 standard fire. 
Fig. 46 shows the deflections at positions a, b, and c (see Fig. 45). It can be seen from the figure that 
the deflections at three positions of the floor slabs were approximately similar with little less 
deflection at position b. This is due to the continuity of the slabs and the restraint provided by some 
columns.   
In order to investigate the influence of different locations of fire compartments on the structural 
behaviour of floor slabs. Six locations of fire compartments were investigated in this study. Fig. 45 
gives the locations of the fire compartments and identify as FC-1, FC-2, FC-3, FC-4, FC-5 and FC-
6. Only one fire compartment was exposed to ISO 834 standard fire while the rest of the structure 
was assumed to be at ambient temperature. Fig. 47 gives the central deflections of the floor slabs for 
different fire compartments. It can be seen from the figure that the lowest central deflection was the 
fire compartment FC-3 and highest central deflection was the fire compartment FC-1. The central 
deflections of the fire compartments FC-2 and FC-6 were similar. Also there were similar central 
deflections for the fire compartments FC-4 and FC-5.  
It is clear here, that restraint provided by the cooler structures surrounding the fire compartment has 
a positive effect on the fire resistance of the structural members within the fire compartment. The 
compressive membrane action may play an important role to enhance the loading capacity of the 
floor slabs within the fire compartment. Figs 48 to 50 show the comparisons of the deflections at 
three locations for compartment fire and whole floor fire, together with the central deflection of 
isolated simply supported slab. It is evident from the figures that the deflections of the slabs 
subjected to whole floor fire were greater than the deflections of the slabs under compartment fires. 
This is because under whole floor fire only very limited restraint was provided by columns for the 
floor slabs.  It is also clear that the behaviour of isolated simply supported slab was considerably 
different, with the slab within the whole structure.  
6.  Conclusions 
In this paper, a parametric study has been conducted to investigate the effect of the bond 
characteristic between concrete and steel reinforcement on the behaviours of isolated simply 
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supported reinforced concrete beams and slabs. Also, a 3D reinforced concrete frame has been 
modelled under different fire scenarios. Based on the results some conclusions can be drawn: 
 The yielding effect of the steel bar has some degrees of influence on the bond behaviour of 
the reinforced concrete beam. This yielding effect can reduce the bond strength between the 
concrete and steel bars within a beam, but the influence is not significant. 
 Concrete cover has a great influence on the bond strength, by providing the confinement to 
the reinforcement for both the reinforced concrete beam and slab. Hence, reduction of the 
concrete cover not only leads to increases in the temperature of the reinforcement during a 
fire, but also decreases the concrete confinement which can play a significant role on the 
bond strength. 
 Impact of concrete spalling on the beam is very significant, for both full bond and partial 
bond cases. However, the effect of spalling on the partially bonded beam, is greater than the 
one modelled with a full bond.  
 For the reinforced concrete beam, it is clear that a concrete compressive strength of more 
than 40 MPa, has no significant effect on the bond behaviour. This conclusion remains true, 
when the behaviour of the beam is modelled with full or partial bond. However, great 
influence on the bond behaviour can be observed, when the concrete compressive strength is 
less than 40 MPa. This behaviour can be attributed to the considerable degradation of bond 
strength. The influence of concrete compressive strength on the slab is less significant.  
  The 3D modelling of concrete frame, indicated that the restraint provided from the cooler 
structures surrounding the fire compartment has a positive effect on the fire resistance of the 
structural members within the fire compartment. Compressive membrane action may play an 
important role to enhance the loading capacity of the floor slabs within the fire 
compartment. It is also clear that the behaviour of isolated simply supported slab is 
considerably different with the slab within the structures.  
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